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Abstract 
Fabrication of wood-to-wood connections by means of friction welding is an relatively new process holding high 
potential for development. To connect wooden pieces by means of friction welding, they are initially pressed against 
each other. The rapid movement of one of the pieces, applied simultaneously leads to friction, and heating generation, 
which is softening the material at the interface within a few seconds. This paper addresses the question to which 
extent welding of wood can be considered for structural joining of load bearing timber elements.  
For this purpose, experimental investigations on wood-welded double-lap joints were carried-out, in which a series of 
parameters, including overlap length, member thickness, etc., has been varied.  
This experimental campaign allowed for (a) the determination of the fracture mechanism of welded wood 
connections, (b) quantification of the influence of main design parameters on the strength of these and (c) delivering 
benchmark data related to the strength of welded wood joints, including its statistical component, for a subsequent 
joint strength prediction model. 
The experimental investigations were completed by numerical modelling of all investigated welded joints, which 
allowed to conclude that (1) failure of the investigated welded joints is triggered by a combination of shear and 
transversal stresses acting in the interface, but also that (2) joint strength is not linearly correlated to stress 
magnitudes. 
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1. Introduction 
1.1 Load-bearing timber joints 
Connections in timber construction are necessary in order to build complex structures out of smaller 
elements. Two different connection types have been established are commonly used. These are on the one 
hand metallic connectors like screws, threaded rods, bolts or nails and on the other hand organical or 
chemical glue-like adhesives creating powerful planar joints. A big advantage of the latter type of 
connections is the high stiffness in comparison to metallic connectors. On the other hand a long and high 
pressure has to be applied on glued joints in order to obtain a successful hardening while metallic 
connectors can be installed fast and easily. 
Since the 90th of the last century researchers have been focused on another bonding technique 
commonly labelled friction welding of wood. The main principle of this connection method is the 
frictional heat generation due to a linear vibrational movement of two wooden pieces against each other. 
To which extent welded joints can be considered for load bearing structures in timber engineering, and if, 
how such joints can be dimensioned, remains open. 
1.2 Welding of wood 
In order to achieve bonds by using friction welding of wood, the elements are pressed and rubbed 
against each other rapidly. The friction under high frequency heats up and melts the material at the 
interface within few seconds. Once the motion stops, the temperature decreases and the melted material 
hardens within a few seconds [1]. Since welded bonds are completed in less than a minute, multilayered 
timber elements can be welded continuously [2]. First investigations on friction welding of wood were 
made by Sutthoff et al. in 1996 [3]. The change of the vibrational movement from circular to linear led to 
an improvement in homogeneity and resistance of the resulting bonds [4]. By using Linear Vibration 
Welding (LVW), the density in the welded overlap increases [5], which in turn results in achieving a 
strong bond. Besides anatomical parameters related to the characteristics of the wood, i.e. species, year-
ring orientation, moisture content, density and sample size, the machine settings related to the welding 
device have an important influence on the resulting bond strength [5,6]. These process parameters are i.e. 
amplitude and frequency of the vibration, welding and cooling pressure as well as welding time or rather 
the welding displacement [2][7]. A Simulation of the temperature behaviour during the welding process 
by the help of Finite Element Analysis (FEA) was done in [8], in order to identify the influence of 
material parameters on the welding temperature. Besides thermal analysis, FEA allowed to get a better 
understanding of the mechanical behaviour of wood welded joints: Vallée et al. used FEA in [9] for 
numerical modelling of wood welded single lap joints, where numerical and analytical results are in good 
agreement. 
2. Experimental investigation 
2.1. Material 
A series of welded double-lap joints composed of timber was tested in order to investigate the strength 
of welded wood connections. Firstly the welded overlap length L was varied. Secondly three different 
combinations of layer thickness t were tested to shear. The wood species used for the experiments was 
spruce (Picea abies) cut from high quality almost flawless boards, even if in practical applications such a 
selection is unlikely to occur. However, less strictly selected timber will result in a larger scattering of the 
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material properties, without changing the principles behind the dimensioning method developed 
subsequently. Previous tests showed that the scattering of the strength results can be decreased by 
welding samples with low moisture content. Therefore the samples were conditioned in a climate 
chamber at 40 °C and 25% relative air humidity until equilibrium state. The resulting humidity content 
was 4%. 
2.2.  Specimen description 
The friction welded double lap joints were manufactured using spruce wood by following a two-step 
production process. Four different overlap lengths, L, were determined:  40, 80, 120 and 160 mm 
(thickness of layers: 20-40-20 mm). The thickness of the layers was varied too. For the overlap lengths of 
40 and 120 mm, the two layer/thickness combinations 20 - 20 - 20 mm and 40 - 40 - 40 mm were chosen. 
All samples were 100 mm large. An example is shown in Fig. 1. The welding machine used for the 
fabrication of the specimens was a prototype LZM 75 of the Company Fischer Schweisstechnik, using a 
frequency of 130 Hz, a welding pressure of 1.5 MPa and an amplitude of 1.5 mm. The vibration was 
stopped after reaching a welding displacement of 2.25 mm. A cooling pressure of 2.0 MPa was applied 
during 30 s. For each combination (overlap length and layer thickness) 8 samples were welded.  
2.3. Characterization of the timber 
The mechanical properties required for the numerical modelling (longitudinal and transverse modulus 
of elasticity EX and EY) were determined in previous tests on specimens cut from the same wood that was 
used to produce the welded joints, similar to the successfully applied procedure in previous investigations 
[10]. The values for stiffness and strength in longitudinal, radial and shear have to be seen in correlation 
to the derived failure criterion, which is described by Eq. 1. 
(1) 
Where ʍX, ʍY, and ĲXY, are the normal and shear stresses, respectively and fX, fY, fXY are the material 
strength parameters. Herein, fX = 98.2 MPa, fY = 4.46 MPa and fXY = 13.7 MPa, while EX=17’910 MPa 
and EY = EZ = 1’120 MPa. This information will subsequently be used in the companion paper [11]. 
Figure 1: Welded double-lap joints (left), off-axis specimens (right) 
2 2 2 2 2
x 1 1 1X Y Y XY Y X
X X Y Y XY Y Xf f f f f f f
σ σ σ σ τ σ σ§ · § · § · § · § · § ·
− + + = = =¨ ¸ ¨ ¸ ¨ ¸ ¨ ¸ ¨ ¸ ¨ ¸
© ¹ © ¹ © ¹ © ¹ © ¹ © ¹
Benjamin Hahn et al. / Procedia Engineering 10 (2011) 2526–2531 2529
2.4. Tests on wood welded double-lap joints 
Quasi-static axial pull-out tests under a displacement-controlled rate of 1 mm/s were performed in a 
hydraulic testing device (type W+B Zwick 1495). The climate conditions (40 °C and 25% relative air 
humidity) were maintained until testing. The samples were loaded up to failure Fult.  The results are listed 
in Table 1. 
2.5. Characterization of the wood welded interface 
Additionally to the characterization of the welded wood, the mechanical resistance of the wood welded 
interface with regard to simultaneously acting stresses, herein stresses parallel to the weld line, ıX, 
perpendicular to the weld line, ıY, and shear stresses acting on the interface, ĲXY, has to be characterized.  
Therefore a series of off-axis tests was performed as described in theory in [12]: small samples of 
wood were carefully cut from the boards welded under the same conditions as mentioned above with a 
cross section of 20 mm by 20 mm, length 84–140 mm, depending on the considered off-axis angle (as 
shows Fig. 1). The weld line exhibited an off-axis angle, Į, with regard to the axis of the sample. Three 
different sets of off-axis angles were considered: Į = 0° over Į = 10° to Į = 45°. 
2.6. Experimental results 
Optical evaluation of the friction welded double lap joints showed satisfactory results. During testing 
they showed almost perfectly linear-elastic load-displacement behaviour, and broke in a brittle and 
sudden manner. The experimental results for different overlap lengths are displayed in Fig. 2, and in 
Table 1  
It clearly appears that the capacity of the welded joints increases with overlap length, but that the 
increase is limited towards higher overlap lengths, indicating a critical overlap length beyond which no 
further increase in strength can be expected. Considering each series individually, i.e. resulting from eight 
corresponding specimens of the same overlap length, it appears that standard deviations range from 15% 
to 34%; considering the whole experimental program, variance (defined herein as the ration of standard 
deviation to the means.) amounts to 24%. Besides the mean values and the corresponding variances, the 
upper and lower 5%-quantile values were also determined; two different definitions thereof were 
considered, and listed in Table 2: quantile values obtained based on the scattering inside each series, and 
quantile values based on the scattering of the experimental data from all overlap lengths.  
Fig. 2. Experimental results for different overlap lengths (left) and different layer combinations (right) 
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Table 1: Experimental data on the welded double-lap joints (8 specimens tested for each configuration, all results in kN) 
 40mm 80 mm 120 mm 160 mm 
20|20|20, average ± standard deviation 17.7 ± 2.2   23.9 ± 3.6   
20|20|20, upper / lower 5%-quantile 13.7 / 18.6   17.7 / 26.2   
20|40|20, average ± standard deviation 17.1 ± 2.6  17.3 ± 5.8  31.2 ± 8.0  26.5 ± 5.1  
20|40|20, upper / lower 5%-quantile 14.1 / 17.5  8.1 / 21.8  17.9 / 32.5  17.4 / 28.6  
40|40|40, average ± standard deviation 14.3 ± 2.7   17.8 ± 5.32   
40|40|40, upper / lower 5%-quantile 11.1 / 16.6   10.6 / 20.7   
The off-axis tests on the welded interface showed a similar almost linear load-displacement behaviour, 
and failure occurred in the same brittle manner. Post-failure observation was executed and did not show 
obvious insufficiently welded surfaces; however, some specimens had to be removed from the set due to 
noticeable crack sounds during fixation in the testing device. Strength data, defined herein as the 
resistance divided by the cross section of the specimens, scattered around 20% on average; the results will 
be discussed more in detail in the companion paper [11]. 
Table 2: Experimental results on the off-axis tests
 0° 10° 45° 
Average (± variance) [MPa] 0.74 (±24%) 1.09 (±12%) 1.35 (±23%) 
3. Discussion 
3.1. Experimental results 
Capacity of the welded double-lap joints is positively correlated to the overlap length; however, it 
exhibits a similar tendency to a flattening beyond a critical overlap, like the one observed for adhesively 
bonded joints [9,10,13]. Welded joints exhibit very significant scattering, herein 24% on average, which 
leads to a very small lower 5%-quantile, regularly used as characteristic value for dimensioning 
procedures in engineering.  
Considering the off-axis tests, performed to determine the failure criterion of the welded interface, it 
must be emphasized that the suggested test-setup allowed for a straightforward experimental 
characterization. The results show the clear dependency of strength and off-axis angle. The scattering, if 
expressed by means of a normal distribution, i.e. defining the latter by variance, appears to be very 
significant (around 20% on average).  
4. Conclusions 
Welding of wood was investigated in the light of application as a structural joint technique. 
Experimental and numerical investigations were carried out on a series of friction welded double-lap 
joints, in which the overlap length was varied. The resulting capacities, besides exhibiting large 
variability, were relatively low, if compared to the load capacity of the members.  
Subsequently, the mechanical resistance of the welded connection was experimentally investigated 
using an adapted off-axis test. The latter relatively simple test-setup allowed characterizing the failure 
criterion. The experimental evidence confirmed the large variability of the strength of welded bonds, 
which turned out to be best described using Weibull statistics. The numerical results, detailed in the 
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companion paper [11], show that the load transfer in wood welded joints is conceptually comparable to 
adhesively bonded joints, i.e. steep stress profiles with the associated stress peaks. 
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